Blepharocheilodontic syndrome (BCDS) consists of lagophthalmia, ectropion of the lower eyelids, distichiasis, euryblepharon, cleft lip/palate and dental anomalies and has autosomal dominant inheritance with variable expression. We identified heterozygous variants in two genes of the cadherin-catenin complex, CDH1, encoding E-cadherin, and CTNND1, encoding p120 catenin delta1 in 15 of 17 BCDS index patients, as was recently described in a different publication. CDH1 plays an essential role in epithelial cell adherence; CTNND1 binds to CDH1 and controls the stability of the complex. Functional experiments in zebrafish and human cells showed that the CDH1 variants impair the cell adhesion function of the cadherin-catenin complex in a dominant-negative manner. Variants in CDH1 have been linked to familial hereditary diffuse gastric cancer and invasive lobular breast cancer; however, no cases of gastric or breast cancer have been reported in our BCDS cases. Functional experiments reported here indicated the BCDS variants comprise a distinct class of CDH1 variants. Altogether, we identified the genetic cause of BCDS enabling DNA diagnostics and counseling, in addition we describe a novel class of dominant negative CDH1 variants.
Blepharocheilodontic (BCD) syndrome (OMIM 119580) is a rare, but possibly underdiagnosed disorder [1] . The main clinical features are bilateral cleft lip/palate, eyelid abnormalities, such as lagophthalmia (incomplete closure of the eyelids), distichiasis (double row of eyelashes) of the upper eyelids, and ectropion of the lower eyelids and ectodermal defects like hair and dental abnormalities as was reported by Allanson and McGillivray in 1985 [2] and was recognized as a distinct craniofacial syndrome by Korula et al. [3] . The term Blepharocheilodontic syndrome (BCDS [MIM 119580]) was proposed by Gorlin et al. in 1996 [4] . In addition to the characteristic dental anomalies, including hypodontia and conical tooth shape, ankyloblepharon, hair abnormalities, dysmorphic facial features, syndactyly, imperforate anus, hypothyroidism, dermoid cysts, and neural tube defects were also reported [4] [5] [6] . To date, the condition is reported to occur in sporadic patients but also to segregate in an autosomal dominant manner with variable expression.
Materials and methods

Sequencing and validations
After referral for routine diagnostic exome sequencing, exomes of child and parents (U1a, U2 and U3a) were enriched using the SureSelect XT Human All Exon V5 kit (Agilent) and sequenced in rapid run mode on the HiSeq2500 sequencing system (Illumina) at a mean target depth of 100×. Reads were aligned to hg19 using BWA (BWA-MEM v0.7.5a) and variants were called using the GATK haplotype caller (v2.7-2). For R1 Whole exome sequencing was done with SureSelect version 2 and 4, further as described previously [7] . Detected variants were annotated, filtered and prioritized using the Bench NGS Lab platform (Cartagenia, Leuven, Belgium). Reported variants were validated by Sanger sequencing, primer sequences are available upon request.
Data availability
The genetic and phenotypical data belonging to this study has been submitted to the cDNA analysis of CDH1
RNA was isolated from fibroblasts followed by cDNA analysis as described previously [8] . Primers used for splicing analysis are: CDH1_RNA_ex7F: 5′-CAGGAACA-CAGGAGTCATC-3′ and CDH1_RNA_ex11R: 5′-CA AAATCCTCCCTGTCC-3′.
cDNA analysis of CTNND1
Fibroblasts (patient and controls) were cultured with Cycloheximide (final conc. 0.25 mg/ml) or 0.25 % DMSO for 4.5 h followed by RNA isolation with RNeasy mini kit (Qiagen) and conversion to cDNA with iScript cDNA Synthesis kit (Bio-Rad). Primers used for Sanger sequencing and qPCR are resp.: CTNND1_HD2_F: 5′-C CAAAAAGGAAGTGCACCTTGG-3′ and CTNND1_ HD2_R: 5′-CATGGGATGAAAGATTCCACAGG-3′; CTNND1_HD12 _F: 5′-CATCTGGAGCACTGAGAA ACC-3′ and CTNND1_HD12 _R: 5′-CCTCCTGGCA-GATTCTTTACC-3′. Relative expression levels were measured on CFX 96 real-time system (Bio-Rad) with qPCR Syberselect mastermix (Applied Biosystems) using reference genes RNF111 and CLK2.
Zebrafish husbandry
Tübingen Longfin (TL) wild-type fish used in this study were kept under standard laboratory conditions.
mRNA functional assay in Zebrafish
Human wild-type and patient CDH1 variants' cDNA were cloned into pCS2GW by Gateway cloning (Life Technologies BV). The resulting pCS2-based constructs were linearized by NotI-HF (NEB) restriction and used as template for in vitro synthesis of capped mRNA with mMESSAGE mMACHINE SP6 Ultra Kit (Life Technologies BV). 1-Cell stage TL embryos were microinjected with~50 pg mRNA and kept at 28.5°C in E3 medium. Phenotypical analysis was subsequently carried out within 28 h post fertilization. 
Plasmids
Human CDH1-GFP was obtained from Addgene (plasmid 28009). SNAP-tagged CDH1 was generated by PCRsubcloning SNAP from nSNAP (New England Biolabs) between the mouse H2-Kb signal sequence and CDH1. The indicated variations were generated via site-directed mutagenesis using a QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA).
Cell culture, transfection, and immunofluorescence MCF7 CDH1 KO cells [9] were cultured in DMEM-F12 medium (Life Technologies) supplemented with 12% fetal calf serum (GE health care), 100 units/ml penicillin and 100 μg/ml streptomycin (Life Technologies). For transfection, cells were grown on glass coverslips and transfected with the indicated constructs using Polyethylenimine (PEI) according to the manufacture's protocol. 24 h after transfection, cells were labeled with 1 μM SNAP surface 549 (New England Biolabs) for 15 min at RT, washed with phosphate buffered saline (pH 7.4) containing 1 mM of CaCl 2 and MgCl 2 and fixed in ice-cold methanol. Coverslips were mounted in Prolong Gold (Life Technologies) and analyzed using a Zeiss LSM510 confocal microscope.
Results and discussion
To identify the genetic cause of BCDS, we performed exome sequencing and validations in a cohort of 28 individuals (mean age 18 years) from 17 different families diagnosed with BCDS, of which 3 patients had been reported previously [4] [5] [6] (Fig. 1 (pictures) , Table 1 (symptoms), Supplementary Table S1 (extensive symptoms), Supplementary Fig. S1 (pedigrees)). We noticed the features of the eye phenotype, like distichiasis, ectropion and euryblepharon were diminishing when individuals became older ( Supplementary Fig. S1 ).
In 15 of the 17 index cases (88%), we identified a mutation in either CDH1 (n = 12) or CTNND1 (n = 3; Table 2 ), as was recently described [1] . The mutation occurred de novo in 9 patients and low level mosaicism was detected in one parent. The familial mutation could be detected in 11 additional affected relatives ( Table 2) . Detected variants were not present in population frequency reference data sets (NCBI dbSNP Build 137 for Human, EVS, 1000Genomes [10] , GoNL [11] , or ExAc [12] ).
CDH1 and CTNND1 form the epithelial junction complex. CDH1 or E-cadherin (epithelial cadherin) is a singlepass transmembrane protein, expressed primarily in epithelial cells where it forms the core of the adherens junction (AJ). E-cadherin and the AJ are essential for a cell to form a tight and polarized cell layer that can perform barrier and transport functions. CTNND1 (p120/catenin) is an armadillo-repeat-containing protein that interacts with the juxtamembrane cytoplasmic tail of CDH1 and has a regulatory function in the stability and turnover of the epithelial junction complex [13] . Loss of the CDH1/CTNND1 complex is a driving event in tumor development and progression [14] .
We identified 7 different variants in CDH1 (Fig. 2a , Table 2 ), including missense variants at residues 254, 256, 288, and 373. The c.760 G > A; p.(Asp254Asn) variant was observed in three families originating from different geographic regions, namely Brazil, Morocco and the Netherlands. Combined with the absence of this allele in the > 60,000 exomes of ExAc12, common ancestry is unlikely. The c.768 T > G and c.768 T > A; p.(Asn256Lys) variant was observed in two persons, however caused by different codon changes. The extracellular region of CDH1 consists of five cadherin-type repeats that are bound together by Ca2+ ions to form stiff, rod-like proteins. All missense variants occur at highly conserved amino acid residues in the extracellular cadherin-type repeats in CDH1 that directly interact with a Ca2+ ion [15] . Cell adhesion mediated by CDH1 is dependent on Ca2+ [13] , all BCDS-associated missense variants are predicted to destabilize or disturb the interaction with the interacting Ca2+ ion [15] (Fig. 2b) .
Besides missense variants at Ca2+ interacting residues, we identified five de novo variants at the splice donor site of exon 9 in individuals with BCDS. Splicing analysis on . a Schematic overview of protein alterations in CDH1 identified in BCDS subjects, combined the number of observations in independent index cases. b Protein structures of CDH1 highlighting the fact that all missense variants alter amino acid that directly interact with a Ca 2+ ion. The wild-type residues are depicted in green, the mutated form in red. c Splicing analysis on by PCR analysis of cDNA from a subject with c.1320 + 1 G > T; p. Tyr380_Lys440del, an exon 9 splice donor mutation using primers on exons 7 and 11. The BCDS subject (U2) shows a lower band on agarose gel (indicated by the arrow) compared to the control cDNA (C). Sanger sequencing of this band showed absence of the entire exon 9, predicted to result in an in-frame deletion of 61 amino acids (p. Tyr380_Lys440del). d Schematic overview of protein alterations in CTNND1 identified in BCDS subjects. e Relative expression levels of CTNND1 cDNA of the patient and three controls and f Sanger sequencing data of CTNND1 patient cDNA showing nonsense mediated decay of the mutated transcript. Variants identified in this study are reported as circles, variants identified by Ghoumid et al. [1] as triangles and variants identified by Nishi et al. [22] as squares RNA isolated from fibroblasts from patient U2 (mutation c.1320 + 1 G > T), identified an aberrant splicing product (Fig. 2c) . Sequencing of this aberrant product revealed complete absence of exon 9, predicted to cause an in-frame deletion of 183 bp and partial deletion of the 3rd cadherin domain of the CDH1 protein. The splice donor variants of exon 9 most likely result in a shortened form of the protein with lower protein stability and decreased cell adhesion.
We identified three different variants in CTNND1 (Fig.  2d, Table 2 ), one segregating with BCDS in a three generation family, one de novo and one inherited from a mosaic parent. Quantitative cDNA analysis of CTNND1 in fibroblasts from subjects with the c.1372 C > T; p.Arg458* allele revealed an expression level of about 60% of the controls' value. This reduction was reversed by cyclohexamide treatment indicating that the allele is subjected to nonsense mediated decay ( Fig. 2e and f) . The c.1595 G > A; p.(Gly532Arg) missense mutation affects the highly conserved H3 helix in the 5th armadillo repeat of CTNND1, changing glycine 532 for an arginine. The armadillo repeats in CTNND1 and this H3 helix specifically are essential for interaction with E-cadherin/CDH1 cytoplasmic tail [16] .
The genetic data firmly link mutations in CDH1 and CTNND1 to BCDS. Germline variants in CDH1 have previously been linked to hereditary diffuse gastric cancer (HDGC) [17] , with or without cleft lip and/or palate (OMIM 137215) and invasive lobular breast cancer (ILBC) [18] , however there is no overlap between BCDS and the cancer-related CDH1 variants. Although gastric or breast cancer is not mentioned in the BCDS families included in this study (n = 28) and those reported before (n = 81), cancer risk among carriers of these variants needs to be defined. Germline variants in CDH1 have been observed in subjects with non-syndromic orofacial clefting [19] [20] [21] , in total five germline CDH1 missense variants have been reported [19, 20] (Asp805Asn)) were located in different domains than the BCDS variants. The absence of pivotal BCDS features in the reported non-syndromic cleft patients might be explained by the variability in expression, vanishing eye phenotype, non-recognition of the syndrome or non-or reduced penetrance. Some of the relatives of the BCDS probands (n = 3), identified in this study as carriers of a CDH1 or CTNND1 variants, showed very mild features (patient U1b, U3b, and R1e).
Although the total number of patients, described here and in previous studies [1] , [22] is limited, we could not clinically distinguish between index cases (Fig. 1 , Table 1 and  Supplementary Table S1 ) with a CDH1 (U1a, R5a, USA1a, R19, R20, S4, USA2a, U2, R2, R11, and S1/R6,S2), CTNND1 (R1a, U3a, and S3) variant or without a variant (R3 and R4), nor could we relate phenotypic differences to the type of mutation or distinguish index patients with a de novo variant and a familial-inherited maternal or paternal variant. However, as a group, the features seem less striking in the patients with a variant in CTNND1, compared to the patients with a CDH1 variant, in which clefting was less frequent. Some dysmorphic features, lacrimal duct abnormalities and associated features like hypothyroidism, neural tube defects, and imperforate anus were absent or less frequent in this group of patients. However, ankyloblepharon was more frequently found in patients with a CTNND1 mutation. The features in the two patients not carrying a variant in either CDH1 or CTNND1, seem even milder compared to CDH1 or CTNND1 patients: absence of ectropion, distichiasis, ankyloblepharon, lacrimal duct abnormalities, and some dysmorphic features additionally to the absence of associated features. There was no clinical difference between male and female patients, although there is an unexplained female preponderance (67%).
To assess the effect of the BCDS variants on CDH1 function, we performed in vivo assays in zebrafish embryos. Microinjection of mRNA of the CDH1 variants (Fig. 3a) included in this study resulted in the phenotypes presented in Fig. 3 . BCDS-related CDH1 variants induced profound developmental defects in zebrafish embryos including different degrees of head hypoplasia, which ranged from incomplete development to total absence of head structures (Fig. 3b and c compare class II, III and V), severely dysmorphic trunk and failure for the tailfin to develop normally. Furthermore, in embryos expressing BCDS-related variants we observed severely delayed and defective early embryonic development (Fig. 3d) . During somitogenesis embryos additionally displayed detaching cells and in some cases a dramatically defective dorsal midline phenotype (Fig. 3e, f) . At 1 d.p.f., numerous round, detaching cells at the surface of the neural tube and embryonic midline (Fig.  3d) could be observed. These phenotypes overlap remarkably accurately with those of known zebrafish CDH1 mutants carrying missense variants in one of the extracellular (EC) domains of CDH1 (half baked; hab [23, 24] ), illustrating the importance of the EC domains for proper CDH1 function. In larvae surviving to 5 d.p.f., we could observe abnormal craniofacial development and defects in palate formation (Fig. 3g) . Hence, these phenotypes carry a sensible level of overlap with the features displayed by BCDS patients, such as neural tube defects or orofacial clefting. Neural tube defects have been observed in BCDS previously [25] and in our cohort, namely anencephaly (family R5) and spinal lipomas (family USA2). The expression of a CDH1 mutations associated with hereditary diffuse gastric cancer (HDGC; p.Trp638*, [26] or p. (Pro373Leu) [27] ) had comparatively little or reduced effect on embryo development, suggesting distinct mechanisms for BCDS-and gastric cancer-associated variants in CDH1.
Our results are consistent with a dominant negative effect of the BCDS-related alleles. Once localized to the membrane, cadherins carry out their cellular adhesion function by forming dimers through interaction of their EC domains [28, 29] . Missense alleles associated with BCDS would dimerize with wild-type (WT) proteins at the cellular membrane and interfere with normal cadherin function, thus exert a dominant negative effect. To get more insight into the consequences of the BCDS-inducing missense variants at the cellular level and test this hypothesis, we used a breast cancer MCF7 cell line in which CDH1 was previously knocked out by CRISPR/Cas9. We co-expressed wild-type GFP-labeled CDH1 with different SNAP-tagged forms of CDH1 in which BCDS-or HDGC-specific variants had been introduced (Fig. 4) . Upon co-expression with wild-type CDH1 we observed enriched localization to the adherens junctions (Fig. 4a) . In contrast, co-expression of SNAPEcad c.760 G > A; p.(Asp254Asn) prevents GFP-Ecad WT to form adherens junctions between transfected cells, resulting in a decreased adherence of cells (Fig. 4b) , indicating a dominant negative effect. Co-expression of SNAP-Ecad c.1913G > A p.Trp638* (HDGC variant) does not display a significant effect on GFP-Ecad WT localization. Instead, SNAP-Ecad p.Trp638* is mislocalized via rapid internalization and accumulation in peripheral endocytic structures, suggesting an alternative mode of action (Fig. 4c) . The outcome of these in vitro experiments confirms our hypothesis that BCDS variants affect CDH1 in a dominant negative manner and therefore fall in a different functional class than HDGC and ILBC variants. In conclusion, we show that BCDS is caused by variants in CDH1 and CTNND1. Our findings provide important insights in the role of the cadherin-catenin complex in human development and enables diagnostics for BCDS subjects.
During the submission and review of this paper a manuscript linking variants in CDH1 and CTNND1 to BCDS was published1. Where none of the variants in the 15 families we describe are completely identical to the variants in 8 families described by Ghoumid et al. [1] , there is a clear overlap in mutated domains and predicted effects at the protein level. We both found missense variants in CDH1 at calcium binding sites and splice variants resulting in deletion of exon 9. In addition, Nishi et al. [22] described a patient with a CDH1 variant (c.2028 A > C; p.Asp676Glu) in which some features of BCD syndrome could be identified, such as neural tube defect, hypertelorism, malformed ears and cleft lip/palate. Other features like facial asymmetry, congenital heart defect and corpus callosum agenesis have not been described before in BCD syndrome [1, 22] . Except for the c.1595 G > A; p.(Gly532Asp) variant, both our study and the one published by Ghoumid et al. [1] detected nonsense variants in CTNND1. The functional modeling in zebrafish and cell lines presented here provides the intriguing evidence of dominant negative function of the CDH1 variants in BCDS. Cells were labeled with SNAP surface 549 before fixation. In contrast to SNAP-CDH1 WT, which highly localizes with GFP-CDH1 at the plasma membrane, SNAP-CDH1 c.760 G > A; p.(Asp254Asn) inhibits the stable localization of GFP-CDH1 to the plasma membrane. SNAP-CDH1 p.Trp638* has no effect on GFP-CDH1 localization
